OBJECTIVES The aim of this study was to assess the effects of central and general obesity measures on long-term longitudinal changes in ventricular-arterial mechanics.
O besity has been reported to independently predict incident heart failure (HF) (1) (2) (3) (4) . In crosssectional studies, increased waist circumference (WC) was associated with left ventricular (LV) diastolic dysfunction (DD) (5, 6) . DD and obesity are common in HF with preserved ejection fraction (HFpEF) and may be causally linked (7) . Women display increased ventricular and arterial stiffness compared with men and are more likely to develop HFpEF than are men.
However, the complex relationships between aging, sex, adiposity, and ventricular mechanics remain poorly understood.
LV stiffness (elastance) at end-systole (Ees) and end-diastole (Eed) has been reported to increase with aging despite reductions in blood pressure (BP) and arterial afterload (effective arterial elastance [Ea]) (8) , suggesting that mechanisms other than elevated afterload are involved. Age-related LV stiffening in this study has been correlated with increases in total body mass, but it is unclear how much of this finding was due to weight-related alterations in (Ea), and the impact of fat distribution has not been assessed. In morbidly obese patients, weight loss has been reported to prevent left atrial enlargement (9) and has been correlated with improved myocardial deformation (10), but little is known regarding the effects of fat distribution and long-term weight changes in the community setting and in the absence of medically complicated obesity.
Visceral fat mass is a major risk factor for cardiovascular disease (CVD) (11, 12) , whereas peripheral fat seems to confer a protective effect (13) . We hypothesized that central obesity is more strongly associated with age-related LV stiffening, and that weight gain is associated with diastolic stiffening independent of load. To test these hypotheses, we assessed the associations between central and general obesity measures, weight change, and longitudinal changes in ventricular-arterial coupling over 4 years using sex-specific analyses in a randomly selected, community-based sample of the population. Comprehensive echocardiographic assessment was performed by registered diagnostic cardiac sonographers using standard instruments and techniques as previously described (16, 18) . At examinations 1 and 2, echocardiography was performed by the same Wohlfahrt et al.
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RESULTS

Of 1,402
Olmsted County residents participating in examination 2,788 had complete echocardiographic data available for the assessment of Ees and Ea at both examinations. Subjects with adequate-quality data were less obese compared with subjects without adequate data (Online Table 1 ). The mean age of the subjects at examination 1 was 60 years, and 48%
were men ( 
Obesity and LV Stiffening whereas pulse pressure was not changed (0 AE 14 mm Hg; p ¼ 0.4) ( Table 1) . LV mass was decreased, whereas chamber size and EF remained stable. Over 4 years, Ea was decreased by 3%, whereas Ees and Eed were increased, on average, by 14% and 8%, respectively ( Table 1 , Figure 1 ).
LONGITUDINAL CHANGES IN ARTERIAL ELASTANCE. Arterial elastance was higher in women than in men at both examinations (both, p < 0.001), but there was no difference in the slope of the age-related change in Ea between women and men ( Figure 1A) . None of the measures of central obesity at examination 1 or their changes over time were associated with the change in Ea, even after adjustment for weight loss (Table 2) . After adjustment for age and sex, the magnitude of weight change from examination 1 to 2 was associated with the change in Ea in both men and women (Table 2, Figure 2 ). BMI at examination 1 was negatively associated with Ea change on univariate analysis. However, baseline BMI was strongly associated with weight change (r ¼ -0.78; p < 0.001).
After adjustment for weight change, BMI was no longer associated with Ea changes, whereas the association with weight change remained significant.
Thus, the negative association between Ea change and BMI was driven by greater weight loss among heavier subjects.
LONGITUDINAL CHANGES IN END-DIASTOLIC ELASTANCE.
As previously reported by our group, Eed was higher in women than in men at both examinations (both, Table 2) . After adjustment for age and Ea change, weight gain remained positively associated with the age-related increase in Eed in both men and women ( Figure 3) .
Ees was higher in women than in men at both examinations (both, p < 0.001), but there was no difference in the slope of age-related Ees increase between sexes (p ¼ 0.57) ( Figure 1C ). As previously reported in this population, weight gain was associated with increased Ees on univariate analysis (r ¼ 0.12; p < 0.0001). However, after adjustment for age and changes in Ea, weight change was no longer correlated with change in Ees ( Table 2) . However, after adjustment for age and changes in Ea, measures of central obesity and neck circumference were positively associated with the age-related increase Table 2) .
HUMORAL FACTORS AND VENTRICULAR-ARTERIAL
COUPLING. Plasma levels of high-density lipoprotein cholesterol, total cholesterol, triglycerides, C-reactive protein, adiponectin, and leptin at examination 1 were not associated with Ea and Ees changes ( Table 3) . Insulin level and insulin resistance (as measured using HOMA2-IR and glucose level at examination 1) were positively associated with increased Ees in women but not in men (Figure 4) . Adjustment for measures of central obesity, including neck-to-height ratio and waist-to-height ratio, eliminated the significance of this association, whereas obesity measures remained associated with Ees change. We did not find any relationship between humoral factors and Eed.
DISCUSSION
This is the first large-scale, population-based study to comprehensively examine correlations between measures of central and general obesity, changes in obesity over time, and longitudinal changes in ventricular and arterial stiffness in humans. We found that weight gain over 4 years was associated with significant increases in LV diastolic stiffness in both men and women, whereas decreases in weight were associated with reductions in arterial load.
Measures of central obesity and insulin resistance were associated with exaggerated increases in Ees in
women, but not in men, indicating a sex difference in the biology of age-related ventricular systolic stiffening. These findings suggest that strategies Obesity and LV Stiffening Abbreviations as in Table 1 .
to enhance weight loss could mitigate or prevent age-related changes in ventricular structure and function that promote progression to HFpEF. In addition, the presence of central obesity in women may help to identify a group at higher risk for incident HFpEF that might be targeted with preventive treatments.
Obesity might produce hemodynamic alterations that predispose to changes in cardiac morphology and ventricular function (25) and is a potent independent risk factor for HF (1) . Cross-sectional studies have shown that BMI and central adiposity are associated with LV dysfunction and arterial stiffness (26).
Russo et al. (27) showed that higher BMI was associated with DD, whereas Ammar et al. (6) found that waist-to-hip ratio was a stronger correlate than was BMI. Canepa et al. (28) recently observed that the correlation between central adiposity and DD was independent of general adiposity and was confined to women. However, cross-sectional studies do not provide an accurate picture of true age-related longitudinal changes. Figure 1 .
We observed that weight gain was associated with significant increases in LV diastolic stiffness, despite reductions in BP, LV mass, and wall stress. These findings imply that diastolic LV stiffening does not result exclusively from hypertensive LV remodeling but rather is driven by weight gain even after accounting for afterload. These data extend on studies of morbid obesity (29, 30) in which surgically induced weight loss was associated with improved DD. Adiposity may impair diastolic function by limiting energetic availability (29) or increasing in myocardial lipid content (31) , which is correlated with increased LV diastolic stiffness (32, 33) . Although some studies have suggested that weight loss may increase mortality (34) or have no effect on CVD events (35), the current data support the hypothesis that weight loss might mitigate or prevent increases in ventricular stiffness with aging.
Weight change was associated with the changes in Ea and Ees, but weight change was no longer predictive of Ees change after adjustment for Ea. These HDL ¼ high-density lipoprotein; other abbreviations as in Table 1 . 
